We investigated the efficacy of combined radiotherapy (RT) and zoledronic acid in treating painful bone metastases from gastrointestinal cancers. Sixty patients were prospectively enrolled between November 2014 and July 2016. The most common primary cancer type was hepatocellular carcinoma (HCC, n = 25), followed by colorectal cancer (n = 6). Patients received external beam RT of 30-54 Gy in 10-17 fractions or 20 Gy in 5 fractions for symptomatic bone metastases. On the first day of RT, patients received 4 mg intravenous zoledronic acid, which was repeated monthly for a total of six cycles. The mean pain score before treatment was 6.7, and it decreased to 2.8 at 1 month and 2.1 at 3 months (P < 0.001).The overall pain response rates at 1 and 3 months were 95% and 96%, respectively. Among the 24 patients who underwent magnetic resonance imaging, 71% were responders, with a complete response in 1 patient and partial in 16 patients. Combined treatment significantly decreased levels of macrophage inflammatory protein-1α and matrix metalloproteinase (MMP)-2 and -3 compared with baseline (all P < 0.05). In HCC patients, IL-6 and MMP-9 levels were significantly lower 1 month after treatment (P < 0.05). The mean quality of life (QOL) score improved from 66 to 56 at 1 month (P < 0.001) and 55 at 3 months (P = 0.016). The median survival was 7 months. In conclusion, RT with zoledronic acid decreased bone pain and improved QOL in patients with painful bone metastases from gastrointestinal cancers. Radiographic findings and serum biomarker measurements were closely correlated with therapeutic responses.
INTRODUCTION
Bone metastases are responsible for devastating complications, including severe pain, pathologic fractures, hypercalcemia, spinal cord compression, and impaired mobility. Approximately two-thirds of patients with metastatic cancer experience pain, which is often attributable to primary cancers that have metastasized to bone [1] . Furthermore, patient morbidity is essentially due to bone metastases because disease is usually incurable once tumors spread to the bone.
In addition to underlying tumor management, palliative treatment for pain control and neurologic deficits are needed to improve quality of life (QOL) and function in patients with bone metastases [2] .
Radiotherapy (RT) can provide significant relief of painful bone metastases in 60-90% of patients, and 33% of patients achieve complete response at the treatment site and reduce analgesic requirements for these patients [3] . Zoledronic acid is the gold standard for the systemic management of metastatic bone disease. Indications for treatment include prevention of skeletal complications and bone pain relief [4] . Recent studies have shown that RT and zoledronic acid reduce bone pain and skeletal complications individually, and there is evidence of a synergistic effect when they are combined [5, 6] . However, most studies have included patients with metastatic bone disease from breast or prostate cancer, and there is limited data on the efficacy of combined treatment in gastrointestinal cancer patients.
In this prospective Phase II study, we investigated the efficacy and safety of RT combined with zoledronic acid to treat painful bone metastasis from gastrointestinal cancers. To establish a more optimal approach in bone metastases, we assessed whether changes in serum biomarkers and radiologic findings were related to the clinical response to treatment.
MATERIALS AND METHODS

Patients
Eligibility criteria included patients with bone metastases from gastrointestinal cancer, which were identified by X-ray, computed tomography (CT), or magnetic resonance imaging (MRI). Patients were aged 20 years or older with performance status 0-2 according to the Eastern Cooperative Oncology Group (ECOG), and worst pain scores of >3 due to bone metastasis at the treatment site as assessed by the Numeric Rating Scale (NRS) prior to treatment. Patients had no indication for surgical procedures because of pathologic fracture, spinal cord compression, or impending fracture before clinical trial inclusion. Patients were excluded if they had received previous zoledronic acid or other bisphosphonate therapy (or without interruption within 2 years) or surgery to the affected region. Patients with Paget's disease, primary hyperparathyroidism, psychological disease, severe renal dysfunction, or symptomatic brain metastasis were also excluded. The Institutional Review Board of the Severance Hospital, Korea (IRB No. 4-2014-0440) approved this prospective study in accordance with ethical guidelines and the Declaration of Helsinki. All recruited patients provided written informed consent.
Treatments
The study design is shown in Fig. 1 . Patients were treated with external beam RT for symptomatic bone metastases. Radiation was given 5 days per week at a dose of 30-54 Gy in 10-17 fractions or 20 Gy in 5 fractions. Treatment was planned with either a conventional 2D technique or CT-based 3D conformal or intensitymodulated RT techniques. On the first day of RT, patients received an intravenous ZOLENIC® injection (zoledronic acid) of 4 mg during a 15 min infusion. Zoledronic acid treatment was repeated every 4 weeks for a total of six cycles. Upon each cycle of injection initiation, the recommended dose was achieved in patients according to their creatinine clearance (Ccr, ml/min): 4 mg for those with Ccr >60, 3.5 mg for Ccr of 50-60, 3.3 mg for Ccr of 40-49, and 3 mg for Ccr of 30-39. ZOLENIC® injections were provided free of charge by SAMYANG biopharmaceuticals corporation (Seongnam, South Korea). The use of analgesics or other medication was based on the physician's medical judgment.
Assessments
All patients underwent physical examination including neurologic assessments and performance status using the ECOG criteria at baseline and 1, 3 and 6 months after RT. Pain intensity at the treatment site was evaluated every assessment day using the Brief Pain Inventory (BPI), which assesses pain at its 'worst,' 'least,' 'average,' and 'now' (current pain). In this trial, 'worst' was used to represent the pain severity experienced for the previous 24 hours by the NRS scale, graded from 0 to 10. Radiologic evaluations using MRI were performed at baseline and 3 months after completing RT. Response rates including CR, partial response (PR), stable disease (SD) and progressive disease (PD) are defined as in the Response Evaluation Criteria in Solid Tumors (RECIST). To assess the QOL of cancer patients participating in this study, the European Organisation for Research and Treatment of Cancer QOL questionnaire (EORTC QLQ-C30) scale in which patient-reported outcomes are collected was used. Serum samples were acquired at baseline, immediately after RT, and 1 month after RT to measure biomarker changes in association with improvement due to osteoclast inhibition. Biomarkers included inflammatory cytokines such as multiple interleukins (IL-1, -6, -7, -8 and -12), receptor activator of nuclear factor-κB ligand (RANKL), osteoprotegerin (OPG), macrophage inflammatory protein-1α (MIP-1α) and matrix metalloproteinases (MMP-1, -2, -3 and -9), which were analyzed by enzyme-linked immunosorbent assays (ELISAs). The Common Terminology Criteria for Adverse Events v4.0 was used for toxicity assessment. 
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Statistical analyses
The number of samples was calculated according to Simon's twostage optimal design. The expected therapeutic response rate was assumed to be at least 50% and 70%, and the dropout rate was calculated as 40%. In this case, 15 patients are needed in the first stage. Of these, 8 patients are required to have the response for the next stage. In the second stage, 43 patients are needed, of which more than 26 are considered to be significant when they have responses. Considering the dropout rate, a total of 60 patients are needed. The primary end point was defined as the proportion of patients who had a decreased pain score after treatment compared with baseline. BPI and QOL scores were analyzed using the Wilcoxon signed-rank test for pairwise comparison. Biomarker levels are given as mean values, and comparisons between pre-and post-treatment were analyzed with paired t-tests. For MRI evaluations, we defined CR and PR as responders and SD and PD as non-responders. Overall survival was defined from the date of the first combination treatment to the date of the last follow-up or death. Survival data were analyzed using the Kaplan-Meier method. Statistical analyses were performed with SPSS version 20.0 (IBM Corp., Armonk, NY, USA). A P-value of ≤0.05 was considered statistically significant.
RESULTS
Clinical characteristics
A total of 60 patients were enrolled between November 2014 and July 2016. Nineteen patients withdrew due to disease progression in other visceral organs (n = 9) or refusal (n = 10). Table 1 lists patient and tumor characteristics. The most common primary cancer type was hepatocellular carcinoma (HCC, n = 25), followed by colorectal cancer (n = 6) and cholangiocarcinoma (n = 5). The median age was 62 years at the time of treatment (range, 41-79). Non-spine sites (n = 17, 42%) were most common, and both spine and non-spine lesions were observed in 10 patients (24%). One to 4 bone metastases were observed in 21 patients (72%), and 18 patients (62%) had synchronous metastases in non-bone locations. The mean bone pain score prior to treatment was 6.7 (range, [3] [4] [5] [6] [7] [8] [9] [10] . The number of patients available for analysis 1, 3 and 6 months after RT completion were 41, 30 and 20, respectively. Figure 2 shows the mean pain scores according to follow-up evaluations. After combined treatment, the mean pain score decreased from 6.7 to 2.8 at 1 month, to 2.1 at 3 months (P < 0.001), and to 3 at 6 months after treatment (P = 0.003). According to the proportion of patients who had pain relief, the overall pain response rates were 95% at 1 month, 96% at 3 months (Fig. 3A) , and 67% at 6 months, respectively. The proportion of patients with worst pain score <3 were 54%, 60% and 45% at 1 month, 3 months and 6 months, respectively. On the other hand, 2.5%, 3.7% and 17% of patients experienced pain progression at 1, 3 and 6 months after treatment. Of the 20 patients who had completed 6 months of follow-up, the median duration of post-RT pain response was 6.5 months.
Pain response
Radiologic evaluations
MRI at 3 months after treatment revealed a CR in 1 patient, PR in 16 patients and SD in 7 patients. None showed radiologically deteriorated PD (Fig. 3B) . As a result, 71% of the 24 patients who underwent MRI were classified as responders (CR+PR).
QOL
The EORTC QLQ-C30 questionnaire consists of 30 items; the lower the score for Items 1 to 28, the better the patient's function. The 29th and 30th items correspond to the overall health status, with a better QOL with a higher score. Therefore, we divided items 1-28 into Category A and 29-30 into Category B to compare QOL CBD = common bile duct, GB = gallbladder, HCC = hepatocellular carcinoma. before and after treatment. As shown in Fig. 4 , the Category A score improved from 66 to 56 (P < 0.001) after 1 month of treatment, to 55 (P = 0.016) after 3 months of treatment, and to 61 (P = 0.446) after 6 months of treatment. Category B scores also improved from 6.7 to 7.5 (P = 0.096), 8.4 (P = 0.034) and 7.9 (P = 0.418) at 1, 3 and 6 months, respectively.
Serum biomarker evaluations
Biomarker evaluation at baseline, post-RT, and 1 month later is shown in Fig. 5 . There were significant changes in levels (mean ± standard deviation) of osteoclastogenic or tumor metastatic factors, including MIP-1α and MMP-2 and -3 1 month after RT compared with baseline (P < 0.05). 
Overall survival and toxicity
The median and 1-year survival rates of all patients were 7 months and 48%, respectively. The corresponding values in HCC patients were 7.4 months and 61%. Combined treatment was well tolerated in all patients, and Grade III or higher toxicity was not observed during treatment. Two patients experienced transient high fever (39°C) after zoledronic acid injection. Grade II hypocalcemia (7.0-7.9 mg/dl) was noted in three patients. Renal toxicity was observed in one patient as Grade II, with a 2.7-fold increase in creatinine after 3 months of treatment. No skeletal-related event was observed during treatment or until last follow-up date.
DISCUSSION
Radiation and bisphosphonates are well-established treatment modalities for painful bone metastases. Moreover, recent reports have described a potential radiosensitizing effect of zoledronic acid in various cancers [7, 8] . There have been several investigations of the combined effects of zoledronic acid with radiation [9] . Vassiliou et al. [10] published a pilot study of RT combined with ibandronate. Forty-five patients with various solid tumors received 10 cycles of monthly intravenous ibandronate (6 mg) and local RT (30-40 Gy). Combined therapy provided substantial bone pain relief, and bone density assessed by CT increased by 20%, 46% and 73% at 3, 6 and 10 months, respectively. In a Phase II trial by Berning et al. [11] , 52 patients with various tumors received less than the optimal dose of ibandronate (4 mg), which was associated with a significant reduction in bone pain scores. Several studies reported Fig. 2 . Mean pain score at baseline and at 1, 2, 3 and 6 months after treatment. All P < 0.05 vs baseline. Radiation and zoledronic acid for bone metastases • 245 significant and substantial reductions in bone pain within 3 months of treatment, although different bisphosphonates were used [12, 13] .
Previous studies reported a small number of patients with gastrointestinal cancer. Clinical studies have been quite limited regarding the combined effects of RT and zoledronic acid as well as RT alone for gastrointestinal cancers, with only a few for HCC or for colorectal cancers. Radiation therapy was effective in painful bone metastasis from HCC in 73% of patients with median survival of 4.5 months [14, 15] . A retrospective analysis on stability of bone metastasis in colorectal cancer showed that re-calcification after RT was observed in 3% of patients with median bone survival of 4.2 months [16] . This paucity of data could be attributed to at least two reasons. First, the survival rate of patients with gastrointestinal cancer is poor, so the disease is treated conservatively. Next, bone metastases are classified as osteolytic, osteoblastic or mixed according to the primary mechanism of interference with normal bone remodeling [17] . In the case of gastrointestinal cancer, the pattern of bone metastasis is not one dominant type such as in breast or prostate cancer; rather, it is a mixture of both osteolytic and osteoblastic components. Therefore, it can be assumed that one treatment modality would not improve patient prognosis. The main activity of bisphosphonates is inhibition of osteoclastic bone resorption [18] . RT can shrink tumors due to high levels of cancer cell death, which may allow osteoblasts to repair affected bones [19] . The remarkably high clinical response in the present study may be related to the simultaneous action of both treatment modalities, suggesting that new strategies are necessary to improve the prognosis of bone metastasis in patients with gastrointestinal cancer. In fact, the median survival time in this study was 7 months, which is higher than the average. To our knowledge, this is the first report of a bone metastatic response using objective methods to clarify the effect of combining therapy in gastrointestinal cancer.
Patients in the present study were treated with combined intravenous zoledronic acid 4 mg and multifraction local RT, which were well tolerated without serious adverse effects. The mean pain score after combination treatment decreased from 6.7 to 2.8 at 1 month and to 2.1 at 3 months, with an overall pain response of 96%. Maximal pain relief was observed within 3 months, although pain scores were significantly reduced below baseline until the end of the study. Radiologically, the response rate was 71% with a CR in 1 patient and PR in 16 patients as assessed by bone lesions on MRI. The response rate typically refers to how frequently a tumor shrinks anatomically. However, changes in tumor size can be minimal in spinal metastases, despite effective treatment, so the remaining patients with SD (29%) can also be considered to have had a therapeutic response. Improved functional scores and measures of QOL correlated with the radiologic response. There were also significant decreases in levels of osteoclast and tumor metastatic factors, which are closely related to the clinical response. Our results are the first scientific evidence that the combined clinical application of zoledronic acid and RT increases therapeutic effects and improves clinical efficacy.
In osteolytic metastases, bone destruction is mediated by osteoclasts rather than tumor cells. Several osteoclastogenic factors such as IL-1, IL-6 and MIP-1, have been implicated in the increased activity of osteoclasts in myeloma [20] . We evaluated biochemical markers of bone turnover, tumor proliferation, and adhesion. According to previous studies, these values vary [21, 22] . We found that changes in MIP-1α, MMP-2 and MMP-3 levels correlated with the clinical response to combination therapy. Interestingly, the expression levels and changes in IL-6, MMP-3 and MMP-9 were highly associated with bone metastasis and therapeutic response in HCC patients. IL-6, a potent stimulator of osteoclast formation, appears to have an important role in enhancing cancer cell growth or prolonging their survival [20] . High serum IL-6 correlates with tumor aggressiveness and associated tumor factors that affect treatment outcome in patients with HCC who receive locoregional therapy [23, 24] . Chen et al. [25] suggested that IL-6 inhibitors could be a potential therapeutic strategy for increasing the radiation response of liver tumors. Our subgroup analysis revealed that IL-6 is a useful indicator for predicting combined treatment outcomes. One of the major effects of MMP activity in cancer progression is extracellular matrix degradation, which allows cancer cells to migrate out of the primary tumor and metastasize [26] . Although clinical trials have yielded disappointing results, MMP inhibitors offer significant potential for improving cancer treatment by slowing the process of cancer cell invasion and metastasis [27] . While we did not investigate the underlying mechanism, our results suggest that reducing MMP expression through combination therapy is associated with less pain and imaging responses. However, different factors are produced by tumor cells or the microenvironment in response to tumor-mediated bone destruction processes [28] . Thus, the biomarkers identified here must be verified in further large-scale studies.
QOL was assessed using the EORTC QLQ-C30 questionnaire, which is highly sensitive to changes in patient performance status [29] . The bone disease-related functional and global scale scores significantly improved. In general, a 10-point change on the QLQ-C30 is considered clinically significant, and a 20-point or higher improvement on the scale is much more significant, indicating a strong effect [30] . According to the criteria, improvements in all functional scales were >10 points at 3 months after treatment, and the QOL assessment in this study indicated considerable clinical significance.
The main limitation of this study is that primary tumor types were not well balanced, with most patients having HCC. In addition, we did not consider other factors affecting prognosis by including patients with uncontrolled primary sites and those with metastases to extraosseous organs. Nevertheless, the therapeutic effect was significant. Future randomized Phase III trials are required to support the routine use of combined treatment for bone metastases from gastrointestinal cancers.
In conclusion, our results indicate that combined local RT and zoledronic acid relieves pain and increases QOL in patients with painful bone metastases. We objectively and subjectively assessed the response to treatment. Along with high rates of bone pain relief, several clinical outcomes such as QOL, serum biomarkers, and radiologic findings also improved significantly. This study provides a rationale for the clinical application of combination therapy for patients with bone metastases from gastrointestinal cancers.
